Efficient lignin valorization could add more than 10-fold the value gained from burning it for energy and is critical for economic viability of future biorefineries. However, lignin-derived aromatics from biomass pretreatment are known to be potent fermentation inhibitors in microbial production of fuels and other value-added chemicals. In addition, isopropyl-β-D-1-thiogalactopyranoside and other inducers are routinely added into fermentation broth to induce the expression of pathway enzymes, which further adds to the overall process cost. An autoregulatory system that can diminish the aromatics' toxicity as well as be substrate-inducible can be the key for successful integration of lignin valorization into future lignocellulosic biorefineries. Toward that goal, in this study an autoregulatory system is demonstrated that alleviates the toxicity issue and eliminates the cost of an external inducer. Specifically, this system is composed of a catechol biosynthesis pathway coexpressed with an active aromatic transporter CouP under induction by a vanillin self-inducible promoter, ADH7, to effectively convert the ligninderived aromatics into value-added chemicals using Escherichia coli as a host. The constructed autoregulatory system can efficiently transport vanillin across the cell membrane and convert it to catechol. Compared with the system without CouP expression, the expression of catechol biosynthesis pathway with transporter CouP significantly improved the catechol yields about 30% and 40% under promoter pTrc and ADH7, respectively. This study demonstrated an aromaticinduced autoregulatory system that enabled conversion of ligninderived aromatics into catechol without the addition of any costly, external inducers, providing a promising and economically viable route for lignin valorization.
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lignin valorization | vanillin-inducible promoter | aromatics transporter | autoregulatory | catechol L ignin is a vast but underutilized renewable resource which is an amorphous, highly branched heteropolymer composed of phenylpropanoid units, accounting for 18-40% of plant cell walls on a weight basis (1) (2) (3) . Lignin is the only source of renewable aromatics on Earth. Effective lignin valorization would yield more than 10-fold added value than just burning it for energy production (4). However, lignin is highly resistant to microbial as well as chemical attack because it contains phenylpropanoid units cross-linked via C-C and ether C-O bonds (5) . Recent advances in synthetic biology (SynBio) are starting to enable engineering of new biosynthetic routes for lignin valorization to produce valueadded chemicals using versatile and efficient microbial factories (4, (6) (7) (8) . In the natural environment, the biodegradation of lignin occurs through a mixed population of microorganisms such as some white-and/or brown-rot fungi and proteo-and actinobacteria that synergistically break down lignin (9, 10) . However, slow growth, difficulty with cultivation, and the low activity of ligninolytic enzymes secreted by wild-type ligninolytic strains pose a challenge for their utilization without strain engineering. The extremely slow kinetics of microbial lignin depolymerization and their poor environmental adaptability makes most naturally existing ligninolytic microbes unsuitable to be used in biorefineries for lignin valorization (8, 11) . In fact, the ligninolysis of wood chips by whiterot fungi takes several weeks to months to achieve quantifiable significant results (12) and it is difficult to realize industrial production of ligninolytic enzymes. Therefore, robust engineered microbes or microbial consortia that can effectively depolymerize lignin are highly desired. Escherichia coli as a cell factory is well-established due to its unparalleled fast growth and readily available genetic tools for gene manipulation. However, when engineering E. coli as the chassis for lignin valorization, a few issues must be overcome first: (i) the absence of an effective transport system in E. coli to uptake aromatic compounds, (ii) the aromatics to be valorized are themselves potent growth and fermentation inhibitors and, (iii) the overall process cost needs to be reduced to improve the economic viability and to be cost-competitive with petroleum routes of chemical synthesis. To solve these challenging bottlenecks and improve the conversion efficiency of lignin valorization in the industrially robust E. coli, elegant biotechnological solutions are highly desired.
One of most commonly used expression systems in E. coli is the inducible expression system that relies on the T7 promoter, where the induction of protein expression is triggered by the addition of isopropyl-β-D-1-thiogalactopyranoside (IPTG) as the most effective inducer. However, the optical density of the culture needs to be monitored to ensure that IPTG is added at the optimal cell density to induce expression. The addition of IPTG to medium also imparts potential toxicity to the cells (13) . Moreover, the high cost of IPTG that must to be added to the medium during fermentation would limit large-scale industrial utilization for low-cost fuel and chemical production in future biorefineries. Reducing the Significance Lignin valorization is critical for economic viability of future biorefineries but is hindered due to the challenges of engineered biochassis such as the slow kinetics of substrate uptake, aromatics toxicity, and cost. Here, an autoregulatory system involving a vanillin autoinducible promoter is demonstrated with an aromatics transporter in Escherichia coli that is induced by ligninderived aromatics and simultaneously converted to value-added platform chemical with diverse applications. In addition to alleviating toxicity, the engineered E. coli strain eliminates the need for an external inducer such as isopropyl β-D-1-thiogalactopyranoside during fermentation, thereby significantly reducing the process cost. This study demonstrates an autoregulatory system for aromatics bioconversion and serves as a platform for future strain development for lignin valorization.
cost is especially important for developing a cost-effective lignin valorization platform. Moreover, lignin-derived aromatic compounds are commonly present in the hydrolysate of pretreated lignocellulosic biomass. Several studies have reported that the lignin depolymerization products such as vanillin have an inhibitory effect on enzyme activity and cell growth (14) (15) (16) (17) . Therefore, an autoregulatory system utilizing an aromatics-inducible promoter can diminish the toxicity issue to some extent and circumvent the addition of inducers and therefore overcome the above-mentioned limitations of cost and toxicity. Incorporating such capability into microbial cell factories enables the development of a "smart" and low-cost lignin valorization platform. In such an autoregulatory system the lignin-derived aromatics can be used both as the substrate and the inducer. The engineered cells would then be responsive to the lignin substrate and automatically overexpress the corresponding enzymes to convert the substrates to value-added compounds when the substrates are present and sensed by the microbes. In a recent study, the ADH7 promoter of Saccharomyces cerevisiae was found to be vanillin-inducible and able to induce protein synthesis even under severe vanillin stress (18) . We therefore envision that this ADH7 promoter could potentially be suitable for the construction of an autoregulatory system for vanillin bioconversion, creating a smart SynBio chassis that enables both lignin valorization and a check on toxicity by keeping the concentrations of the substrate low.
For overcoming the second challenge of slow kinetics for aromatics uptake, one potential approach could be to increase the uptake of aromatic substrate by incorporating a transporter for aromatic compounds, thereby improving substrate availability inside the cell. Previous successful examples of microbial systems that apply nonnative transporters include the enhanced accumulation of arsenic in engineered E. coli and S. cerevisiae as "arsenic biosorbents" by overexpressing transporter proteins specifically targeting arsenite (19, 20) . Recently, a transporter (CouP) that has high binding affinity to a range of phenylpropanoid ligands with K d values in the nanomolar range has been identified from the purple photosynthetic bacterium Rhodopseudomonas palustris and characterized by Salmon et al. (6) . The potential ability of CouP in the active transport of aromatic substrates makes it an ideal candidate to be incorporated into the engineered E. coli system for more efficient lignin valorization.
In this study, a synthetic pathway based on vanillin degradation (LigV and LigM) from the aromatic-catabolizing bacterium Sphingomonas paucimobilis SKY-6 (21) and a protocatechuate decarboxylase (aroY) (22) has been reconstructed in an engineered E. coli strain to covert a lignin-derived aromatic vanillin to catechol ( Fig. 1) . Catechol has been identified as a powerful and versatile building block for the synthesis of a wide range of polymeric materials with interesting structures, properties, and functions as well as high-value chemicals (23) . In this synthetic pathway, vanillin is transformed by the vanillin dehydrogenase (LigV) to vanillate followed by the conversion of vanillate-Odemethylase (LigM) into protocatechuate, which is further converted into catechol by protocatechuate decarboxylase (aroY) (Fig. 1) . We demonstrate here a smart, autoinducible, and efficient system for vanillin bioconversion by utilizing the vanillin-inducible promoter ADH7. We have realized the selfregulation of E. coli for the production of vanillic acid and catechol from lignin-derived aromatics using vanillin as an example. We further integrated an engineering strategy of expression of the aromatics transporter CouP in this engineered E. coli host. The resulting cell factory exhibits significantly improved yield because of the increased substrate availability by transporting the aromatics substrate inside the cells. The synthetic pathway was spontaneously turned on for vanillin bioconversion when the aromatic substrate was sensed by the engineered E. coli, thereby (i) eliminating the need for expensive external inducers and (ii) keeping a check on the level of fermentation inhibitor by turning the pathway on and bioconverting it to a less-toxic intermediate. This efficient and cost-effective cell factory system could prove to be valuable for lignin conversion and valorization and benefit future lignocellulosic biorefineries and a bio-based economy.
Results
The Growth Inhibition of Vanillin, Vanillic Acid, and Catechol on E. coli Strain DH1. Microbial fermentation is inhibited by the presence of a small amount of aromatics derived from lignin from lignocellulosic biomass pretreatment, such as vanillin and phenols (14, 15) . To investigate the inhibitory effects of aromatics on the growth of the E. coli strain DH1 in this study and select the optimum concentration of aromatics as the substrate, a range of concentrations of vanillin, vanillic acid, and catechol were added into the fermentation broths. As shown in Fig. 2 , vanillic acid has the highest growth inhibition on the strain DH1, and growth was totally inhibited at the concentration of 1.5 g/L vanillic acid in the fermentation broth ( Fig. 2A) . While catechol has the least growth inhibition on strain DH1, the cells still exhibited about half of the growth rate at a concentration of 5 g/L, compared with when no catechol was added in the fermentation broth, as shown in the Fig.  2B . Vanillin displayed medium growth inhibition on strain DH1, and growth was completely inhibited at the concentration of 5 g/L vanillin in the fermentation broth, as shown in Fig. 2C . The strain still exhibited about 80% growth rate at 0.5 g/L of vanillin, which, therefore, was selected as the substrate concentration in the following study.
Self-Induced Production of Vanillic Acid and Catechol Under a VanillinInducible Promoter. In our previous study we demonstrated the bioconversion of vanillin into catechol and cis, cis-muconic acid with an engineered E. coli strain expressing a synthetic pathway under the IPTG-inducible promoter (8) . The relatively high cost of IPTG is prohibitive and makes it unfeasible as an inducer, especially in microbial fermentation at industrial scales. Therefore, in this study we conceptualized a vanillin autoregulatory system to improve the process economics of vanillin bioconversion through expression of the synthetic pathway under a vanillin-inducible promoter, ADH7 (18) . A single vanillin dehydrogenase (LigV) (24) and the catechol biosynthesis pathway were both expressed under the ADH7 promoter and pTrc promoter (Fig. 3A) , respectively, to investigate the promoter's induction ability and to compare the induction strength. The details of the ligV, ligM, and aroY genes used in this study are provided in Table 1 . As shown in Fig. 3B , both strains expressing LigV under the pTrc and ADH7 promoter yielded a significant amount of vanillic acid in the fermentation broth, indicating that the ADH7 promoter enables effective protein synthesis under the 0.5 g/L of vanillin induction and the bioconversion of vanillin into vanillic acid. Further expression of 3-O-methylgallate-O-demethylase (LigM) and protocatechuate decarboxylase (AroY) under ADH7 promoter resulted in the production of catechol from vanillin (Fig. 3D ), but at a relatively lower level. These results successfully validate our concept that an autoregulatory engineered E. coli chassis expressing the catechol biosynthesis pathway under a vanillin-inducible promoter can effectively utilize vanillin not only as an inducer but as a substrate for the bioconversion of vanillin to catechol without the need for IPTG induction.
The strain expressing vanillin dehydrogenase LigV under ADH7 promoter produced lesser amount of vanillic acid than that produced from the strain expressing LigV under pTrc promoter, suggesting that pTrc promoter may have stronger strength than that of vanillin-inducible promoter ADH7. This premise was confirmed through the expression of the catechol biosynthesis pathway under ADH7 and pTrc promoter, respectively. The strain expressing the catechol biosynthesis pathway under pTrc promoter produced twice the amount of catechol of that produced under ADH7 promoter, which verified the weaker strength of ADH7 than pTrc promoter in terms of driving the expression of multiple pathway genes, as shown in Fig. 3D .
In addition, the lower production titer of vanillic acid in the early stage of induction ( Fig. 3 B and C) may indicate that either ADH7 promoter needs longer response time to the inducer vanillin or that vanillin has slower up-take rate than that of the Growth inhibition of E. coli due to the presence of lignin-derived aromatics. E. coli strain DH1 is selected as an expression host in this study, which is a derivative of strain MM294 with mutated alleles recA1 and gyrA96 to increase the expression plasmid stability. E. coli DH1 growth curves in the presence of different concentrations of (A) vanillic acid, (B) catechol, and (C) vanillin.
glucose analog IPTG, which may necessitate the expression of effective aromatics transporters in the E. coli strain DH1 for enhanced bioconversion of vanillin.
Yield Improvement of Vanillic Acid and Catechol with the Expression of Aromatics Transporter CouP. Microbial valorization of lignin-derived aromatics requires the efficient transport of these lignin-derived aromatic substrates across the microbial host-cell membrane. The aromatic compounds (particularly the lipophilic aromatics) can enter the cells by passive diffusion at high concentrations in the media (millimolar range), but the active aromatics transporter increases the efficiency and rate of the aromatic substrate acquisition and conversion (6, 25) . In recent studies, several aromatic transporters from non-E. coli bacteria have been identified and demonstrated the ability to transport lignin-derived aromatics and other aromatic hydrocarbons (6, 26) . A periplasmic binding protein, CouP, of an ABC system from R. palustris has been implicated as an active transporter for these aromatics, such as coumarate, ferulate, caffeate, and cinnamate (6) . In this study, to further increase the yield of catechol, this aromatic transporter CouP was coexpressed with catechol biosynthesis pathway in the E. coli strain DH1 (Fig. 4A ) and its effect on the bioconversion of vanillin was investigated. As shown in Fig. 4B and Fig. S2 , the strain coexpressing the transporter CouP with the catechol biosynthesis pathway genes produced about 10-35% more vanillic acid at early fermentation stage (20-h fermentation after induction) than the strain expressing only catechol biosynthesis pathway genes. As the fermentation progressed the titers of vanillic acid produced from both constructs reached similar levels, as shown in Fig. S2 . In terms of catechol, the final product of the pathway, the strain coexpressing the transporter CouP and catechol biosynthesis pathway produced about 30% more catechol than the strain expressing only catechol biosynthesis pathway within 10 h of induction by IPTG (Fig. 4C and Fig. S2 ), indicating the effective transport of the vanillin by CouP transporter and higher transport rate than vanillin passive diffusion. Similar to the formation of vanillic acid, the accumulation of catechol at the end of fermentation trended to levels similar to the fermentation of both strains expressing catechol biosynthesis pathway only or with transporter CouP incorporated, as shown in Fig. S2 . Most likely there are other transporters known to facilitate the uptake of hydrophobic compounds, such as FadL protein and the aromatic amino acid (tryptophan) permease (26, 27) , which may uptake vanillin as well but at a slower rate, or vanillin eventually saturated in the cytoplasm of the cells by passive diffusion after a longer period of time, although passive diffusion may have slower transport rate. The further screening of alternative aromatics transporters with higher transport rate may further improve the productivity of the target products.
Self-Inducible Production of Vanillic Acid and Catechol with the Integration of Both Transporter and Promoter in the Engineered
Chassis. The vanillin-inducible promoter ADH7 resulted in a lower yield of vanillic acid than that of pTrc promoter in the early stage of fermentation, signifying the need for engineering for effective aromatic transporters in the E. coli strain DH1 for the bioconversion of vanillin. Therefore, we coexpressed the aromatic transporter CouP with the catechol biosynthesis pathway under the ADH7 promoter in the strain DH1 and compared the yields of vanillic acid and catechol with the engineered strain expressing the catechol biosynthesis pathway without the transporter CouP under ADH7 promoter. All of the strains constructed in this study are listed in Table 2 . As shown in Figs. 4 and 5, the strain coexpressing pathway genes with transporter CouP produced about 40% more catechol than the strain that did not coexpress the transporter CouP. The strain expressing the transporter CouP yielded 10% more vanillic acid than that of the strain without the coexpression of the transporter CouP. Catechol is relatively sensitive to oxygen and can be oxidized slowly (28, 29) . After long hours of incubation, the oxidation rate could be faster than the production rate, which may result in the decrease of catechol titer. This may explain why we observed a decrease of catechol production after 30 h of fermentation in some of the experiment (Fig. S2B ).
Discussion
The drivers behind the urgent need to develop economically viable, sustainable, biorefining technologies for renewable fuels and chemicals production include energy security, economic development, and environmental concerns. Lignin, the second-mostabundant plant polymer on Earth after cellulose, is underutilized by its direct combustion for energy (4) . Moreover, lignin is the only renewable feedstock that is composed of aromatic building blocks (4). Because of its vast supply and aromatic-rich content, lignin has great potential to be valorized to produce value-added chemicals.
Being phenolic in nature, the depolymerization of lignin results in a multitude of aromatic compounds such as vanillin, syringaldehyde, ferulic acid, guaiacol, phenol, syringol, allyl guaiacol, and so on (5, (30) (31) (32) . Developing microbial factories for the efficient bioconversion of these lignin-derived aromatics is of crucial importance for economically viable lignin upgrading strategies and enabling a biobased economy and sustainability. Catechol is one of the valuable platform chemicals that can potentially be produced from lignin-derived aromatics. Catechol and its further upgraded products such as muconic acid have been produced in engineered yeast from glucose through the shikimate pathway (22, 33) . In a recent study, a bacterial coculture incorporating two engineered E. coli strains has been developed for the production of muconic acid from glucose and xylose mixture (34) . Wang et al. (35) also reported the production of catechol from the aromatic compound benzoate by a benzoate-utilizing Pseudomonas strain. Until recently, only limited work has been done using ligninderived aromatics as the substrates for the production of muconic acid and adipic acid. Vardon et al. (7) engineered Pseudomonas putida KT2440, a native muconic acid producer, to convert ligninderived monomers such as coniferyl acohol, ferulate, vanillin, and p-coumarate to catechol and muconic acid through both the catechol and protocatechuate branches of the β-ketoadipate pathway. In their study, P. putida KT2440 was engineered to replace the PcaHG gene encoding a protocatechuate 3,4 dioxygenase with AroY, which diverted the metabolism of protocatechuate to the synthesis of catechol. The CatBC gene encoding dioxygenases was deleted to eliminate further metabolism of muconic acid and a phenol monooxygenase gene was inserted to enable the conversion of phenol to catechol.
In this study, through the expression of a catechol biosynthesis pathway under a vanillin-inducible promoter, ADH7, we have successfully demonstrated an autoregulatory microbial cell factory for the valorization of lignin-derived aromatics using vanillin as an example into valuable chemicals such as vanillic acid and catechol that further serve as platform chemicals for the production of a variety of high-value chemicals and polymer precursors. Furthermore, the coexpression of an associated aromatics transporter CouP with catechol biosynthesis pathway under pTrc or ADH7 promoter improved the catechol yield by 30% and 40%, respectively (Fig. 5C ). This self-inducible system eliminates the need for costly IPTG inducer since the substrate vanillin serves as the inducer as well. Another important potential application of our autoregulatory system is that in addition to the ability to convert vanillin to value-added products, it can also serve to detoxify the aromatic compounds when they are copresent with other microbially fermentable substrates such as biomass-derived sugars. For example, although thermochemical depolymerization is an effective route to valorize lignin (1, 5, 30) , these lignin-derived aromatics, such as vanillin (36, 37) , are reported as potent fermentation inhibitors in the microbial production of fuels and other valueadded chemicals (14) (15) (16) (17) . Bioconversion of these heterogeneous organic molecules to simplified product streams with lesser or no toxicity can potentially benefit the subsequent bioconversion of other substrates of interest. In our system, the product of our autoregulatory system is catechol, which has fewer inhibitory effects on the growth of E. coli than vanillin (Fig. 2) and is an intermediate compound that can be further converted to other valueadded compounds, such as muconic acid and adipic acid (7, 8) . Moreover, the resulting microbial cell factory is a promising platform whose function is inducible by lignin-derived aromatics, and it offers a promising path forward for the production of fuels and chemicals from lignocellulosic biomass. For example, by integrating this autoregulatory system with the biosynthesis pathway from sugars, one-pot approaches could be developed to coprocess and convert pretreated lignocellulosic liquor composed of sugars and lignin-derived aromatics into value-added chemicals. This envisioned one-pot approach minimizes separation challenges before fermentation with the additional benefit of reducing the toxicity of the vanillin to the sugar-conversion strain. This study is a demonstration of developing an autoregulatory system for the bioconversion of lignin-derived aromatics. Lignin valorization is being explored in many research laboratories across the globe to improve the economics of biofuel production from cellulosic sugars. To provide a sense of yields, however, compared with the work on catechol or muconic acid production from sugar as a substrate, the catechol titer produced from lignin-derived vanillin in this system is still low. We observed substantial accumulation of the intermediate vanillic acid during the conversion by our engineered E. coli strain (Figs. 4 and 5) , which is in agreement with the study in P. putida (7) and is likely due to the transcriptional or translational regulation of the enzymes in the pathways. To further increase titer, the currently introduced pathway in E. coli needs to be optimized to minimize vanillic acid accumulation and maximize the catechol production. In addition, the strength of the vanillin-inducible promoter ADH7 could be enhanced by further strain engineering. A detailed screening of engineered promoter with varying strength could lead to a tunable system for promoter strength and maximization of protein expression according to variables present in the fermentation liquor. Further metabolic engineering such as removing any bottleneck of the pathway as well as fermentation conditions optimization will likely lead to enhancement in the productivity of this engineered strain with an autoregulatory switch. In conclusion, we believe that the autoregulatory system we engineered in this study will aid in developing a low-cost and reliable platform for the valorization of lignin-derived aromatics and provide fertile ground for future studies.
Materials and Methods
Details of the materials and methods used in this study, including plasmid construction, strains, cultivation conditions, and HPLC analysis, are provided in SI Materials and Methods. The constructed strains are listed in Table 2, and  Table S1 lists the oligonucleotides used for constructing the plasmids.
